Site-specific phosphorylation of Tau protein is associated with deacetylation of microtubules in mouse spermatogenic cells during meiosis  by Inoue, Hiroki et al.
FEBS Letters 588 (2014) 2003–2008journal homepage: www.FEBSLetters .orgSite-speciﬁc phosphorylation of Tau protein is associated
with deacetylation of microtubules in mouse spermatogenic
cells during meiosishttp://dx.doi.org/10.1016/j.febslet.2014.04.021
0014-5793/ 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
⇑ Corresponding author. Fax: +81 22 717 8686.
E-mail address: kentaro@m.tohoku.ac.jp (K. Tanemura).Hiroki Inoue a, Yuuki Hiradate a, Yoshiki Shirakata a, Kenta Kanai b, Keita Kosaka b, Aina Gotoh b,
Yasuhiro Fukuda c, Yutaka Nakai c, Takafumi Uchida b, Eimei Sato d, Kentaro Tanemura a,⇑
a Laboratory of Animal Reproduction and Development, Graduate School of Agricultural Science, Tohoku University, 1-1 Tsutsumidori-Amamiyamachi, Aobaku, Sendai
981-8555, Japan
bMolecular Enzymology, Department of Molecular Cell Science, Tohoku University, 1-1 Tsutsumidori-Amamiyamachi, Aobaku, Sendai 981-8555, Japan
c Laboratory of Sustainable Environmental Biology, Graduate School of Agricultural Science, Tohoku University, 232-3 Yomogida, Naruko-onsen, Osaki, Miyagi 989-6711, Japan
dNational Livestock Breeding, 1 Odakurahara, Odakura, Nishigo-mura, Nishishirakawa-gun, Fukushima 961-8511, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 12 February 2014
Revised 26 March 2014
Accepted 10 April 2014
Available online 24 April 2014
Edited by Jesus Avila
Keywords:
Meiosis
Spermatogenesis
Testis
TauTau is one of the microtubule-associated proteins and a major component of paired helical
ﬁlaments, a hallmark of Alzheimer’s disease. Its expression has also been indicated in the testis.
However, its function and modiﬁcation in the testis have not been established. Here, we analyzed
the dynamics of phosphorylation patterns during spermatogenesis. The expression of Tau protein
and its phosphorylation were shown in the mouse testis. Immunohistochemistry revealed that
the phosphorylation was strongly detected during meiosis. Correspondingly, the expression of acet-
ylated tubulin was inversely weakened during meiosis. These results suggest that phosphorylation
of Tau protein contributes to spermatogenesis, especially in meiosis.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The seminiferous epithelium of the mammalian testis possesses
a variety of microtubule networks: an ordered array in Sertoli cells
[1], the manchette, axonemal microtubules and in mitotic and mei-
otic spindles. These abundant microtubule networks are reﬂected
by a diversity of microtubule-associated proteins (MAPs). There-
fore, the testis can be a rich source for studies of microtubules
and MAPs.
The tau (tubulin-associated unit) protein was identiﬁed in 1975
as a protein with the ability to induce microtubule formation [2,3].
Normally, tau is associated with microtubules and promotes their
polymerization [3] and stabilization [4,5] depending on its phos-
phorylation status. For example, highly phosphorylated tau, which
is observed in the brains of subjects with Alzheimer’s disease (AD),
composes paired helical ﬁlaments (PHFs) and barely promotes
microtubule polymerization [6]. In the central nervous system,
alternative splicing of the tau primary transcript generates sixisoforms of 352–441 amino acids with an apparent molecular
weight of 48–67 kDa [7–9]. Among the 85 putative phosphoryla-
tion sites on tau, 45 are serines, 35 are threonines and only 5 are
tyrosines [10–12]. Tau is subdivided into four regions: an acidic
region in the N-terminal part, a proline-rich region, a region
responsible for binding with microtubules (microtubule-binding
domains), and a C-terminal region. Serine phosphorylation at KXGS
motifs, belonging to the microtubule-binding domain, decreases
tau afﬁnity for microtubules and consequently prevents binding
to them [13–15]. Because more phosphorylated tau protein at
Thr181, Ser199 and Thr231, belonging to the proline-rich region,
is contained in the cerebrospinal ﬂuid of brains from people with
AD than in normal brains, it is useful as a biomarker of AD [16–18].
Although tau expression in the testis has been indicated [9,19],
its expression and post-translational modiﬁcation patterns includ-
ing phosphorylation are barely known for this organ. In rat testis,
tau was detected as two major bands with molecular masses of
34 and 37 kDa, and it has been suggested that tau is highly phos-
phorylated [9]. Phosphorylation, as mentioned above, is one of
the most important post-translational modiﬁcations. To help eluci-
date the mechanisms of its function, we analyzed the dynamics of
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cially phosphorylation, during mouse spermatogenesis.
2. Materials and methods
2.1. Animals
Male C57BL/6 mice at 12 weeks of age were used. All mice were
anesthetized with 2, 2, 2-tribromoethanol and perfused with a
physiological salt solution before being used for tissue collection.
Care and use of the mice conformed to the Regulations for Animal
Experiments and Related Activities at Tohoku University.
2.2. Antibodies
Several well-characterized antibodies to phosphorylated tau
were used to investigate the level and phosphorylation states of
tau protein in the testis. These antibody targets included mouse
monoclonal antibody Ms X tau-1 [20] (#MAB3420, Lot:
LV1478875, Chemicon), rabbit polyclonal antibody anti-phosphor-
ylated tauS199,S202 (p-tauS199,S202) [21] (#54963, Lot: HB131, Ana-
Spec) and mouse monoclonal antibodies, AT8 [22] (#MN1020,
Lot: NG173165, Thermo Fisher Scientiﬁc), AT100 [23] (#MN1060,
Lot: NE172687, Thermo Fisher Scientiﬁc), AT180 [24] (#MN1040,
Lot: NJ176312, Thermo Fisher Scientiﬁc) and AT270 [25]
(#MN1050, Lot: ND169027, Thermo Fisher Scientiﬁc). Anti-tau 1
recognizes the non-phosphorylated form of tau at Ser199 and
Ser202. Anti-AT8 recognizes tau phosphorylation at Ser202 and
Thr205. Therefore a mixture of anti-tau 1 and anti-AT8 is used
for detection of total-tau. Anti-AT100 recognizes tau phosphoryla-
tion at Ser212 and Thr214. Anti-AT180 recognizes tau phosphory-
lation at Thr231. AT270 recognizes tau phosphorylation at Thr181.
Anti-AT8, -AT100, -AT180 and -AT270 recognize PHF-tau. In addi-
tion, an anti-acetylated tubulin mouse monoclonal antibody [26]
(#sc-23950, Lot: B0711, Santa Cruz), which indicates tubulin sta-
bilization, was used. In Western blot analysis, a horseradish perox-
idase conjugated second antibody (Promega; diluted 1:2000) was
used. In immunohistochemistry, Alexa Flour 488-labeled anti-
mouse secondary antibodies (Invitrogen; diluted 1:1000) were
used against Tau1, AT8, AT100 and AT270. Alexa Fluor 488-labeled
anti-rabbit secondary antibodies (Invitrogen; diluted 1:1000) were
used against anti-p-tauS199,S202 antibodies. Alexa Fluor 568-labeled
anti-mouse secondary antibodies (Invitrogen; diluted 1:1000)
were used against anti-acetylated tubulin antibodies.
2.3. Molecular cloning of testis tau
Total RNA extraction from the testis was performed using an
ISOGEN (Nippon Gene, Tokyo, Japan) and total RNA was stored at
80 C until use. Poly (A) RNA was isolated using Poly (A) isolation
Kit from Total RNA (Nippon Gene, Tokyo, Japan). Speciﬁc primers
were designed on the basis of the sequences of Tau (forward: cag-
gtcgaagattggctctact, reverse: ctggactctgtccttgaagtcc). The samples
were reverse transcribed and cDNA synthesized using Rever Tra
Ace (Nacalai Tesque). We acquired 286 bp partial sequence using
taq DNA polymerase and following consensus primers obtained
from mouse genes to initiate molecular cloning. For 30RACE, PCR
was performed using the gene speciﬁc primer 50-gcc agg agg tgg
cca ggt gga ag-30 and speciﬁc adaptor primer (30-Full RACE core
Set, Takara, Kyoto Japan). For 50RACE, PCR was performed using
the gene speciﬁc primer, 50-gct cag gtc cac cgg ctt gta gac-30 and
speciﬁc adaptor primer SMARTer RACE cDNA Ampliﬁcation Kit
(Takara, Kyoto, Japan). DNA sequencing was carried out with using
the BigDye 3.1 reagent (Applied Biosystems, Tokyo, Japan) and
3130 genetic analyzer (Applied Biosystems, Tokyo, Japan).2.4. Western blot analysis
Mouse testes (n = 3) were removed surgically and stored at
80 C until use. Tris-Buffered Saline, protease inhibitor and phos-
phatase inhibitor were added to tissues then homogenized. Sample
Buffer Solution with 2-mercaptoethanol (2) for sodium dodecyl
sulfate polyacrylamide gel electrophoresis (Nacalai Tesque, Kyoto,
Japan) was added to the homogenized sample then sonicated. After
boiling, samples were electrophoresed on polyacrylamide gels and
transferred onto Immobilon-P transfer membranes (Millipore).
These were incubated with Blocking One (Nacalai Tesque) then
incubated with primary antibodies at 4 C. Bound antibodies were
detected by a horseradish peroxidase conjugated second antibody
(Promega; diluted 1:2000) using an enhanced Chemi-Lumi One
(Nacalai Tesque). Images were obtained with a Fujiﬁlm LAS3000-
mini image analysis system (Fujiﬁlm Life Science, Tokyo, Japan)
and analyzed with built-in software.
2.5. Immunohistochemistry
Mouse testes were removed surgically, ﬁxed with methacarn
(methanol:chloroform:acetic acid = 6:3:1) ﬁxative, embedded in
parafﬁn wax and sectioned. Cross-sections (10 lm) were deparaff-
inized then incubated with HistoVT One (Nacalai Tesque) at 90 C
for 30 min. After washing, sections were incubated with Blocking
One (Nacalai Tesque) at 4 C for 1 h then incubated with primary
antibodies at 4 C overnight. Immunoreactive elements were visu-
alized with Alexa Fluor 488-labeled anti-rabbit secondary antibod-
ies and Alexa Fluor 568-labeled anti-mouse secondary antibodies
(Invitrogen; diluted 1:1000) by treating at 4 C for 3 h. Nuclei were
counterstained with Hoechst 33342 (Molecular Probes; diluted
1:5000). Stained images were obtained with an LSM-700 confocal
laser microscope (Carl Zeiss, Oberkochen, Germany) and analyzed
with ZEN-2010 software attached to the LSM-700.
3. Results
3.1. Determination of testis tau cDNA sequences
Analysis of tau cDNA sequence expressed in testis revealed that
the sequence was conﬁrmed with tau isoform-D (uniprot
P10637-5)
3.2. Analysis of expression and phosphorylation pattern in the testis
In the testis, the anti-tau 1 antibody, which recognizes non-
phosphorylation at Ser199 and Ser202, detected one major band
with apparent molecular mass of 37 kDa and one minor band of
55 kDa in mice at 12 weeks of age (Fig. 1A). Anti-AT8, which recog-
nizes phosphorylation at Ser202 and Thr205, detected several clo-
sely spaced bands with molecular masses between 50 and 60 kDa
and two bands with apparent molecular mass of 40 and 37 kDa
(Fig. 1B). Because detection of the antigen using tau 1 and AT8 anti-
body are almost complementary, immunohistochemistry using
anti-tau 1 antibody and anti-AT8 antibody showed that total-tau
protein was detected throughout spermatogenesis (Fig. 1C–E).
3.3. Dynamic changes in phosphorylation status
Immunohistochemistry using anti-AT8, -AT100 and -AT270
antibodies detected phosphorylated tau protein during spermato-
genesis. Interestingly, spermatocytes during meiosis intensely
stained with AT8, AT100 and AT270 (Fig. 2). AT8 and AT100 were
localized all over spermatocytes except around the nucleus (aster-
isk in Fig. 2A and B). AT270 was detected in whole spermatocytes
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Fig. 1. Western blot analysis of testes from 12-week-old mice (n = 3). Tau protein was detected by antibodies against tau 1 (diluted 1:500) (A) and tau 5 (diluted 1:500) (B).
Tau 1 detected one major band with molecular mass of 37 kDa and one minor band with molecular mass of 55 kDa (A). AT8 detected several closely spaced bands with
molecular masses between 50 and 60 kDa, one major band with apparent molecular mass of 40 kDa and one minor band with apparent molecular mass of 37 kDa (B).
Immunohistochemistry of the adult mouse testis. This section and the section in Fig. 3 are serial sections each other. Blue signals represent nuclear DNA counterstained with
Hoechst 33342 (diluted 1:5000) (C). Green signals represent total-tau immunostained with anti-tau 1 (diluted 1:20) and anti-AT8 (diluted 1:20) (D). And merged image (E).
Scale bar = 100 lm.
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Fig. 2. Immunohistochemistry of the adult mouse testis. Images of seminiferous epithelia at stage XII. Zygotene spermatocytes, spermatocytes during meiotic division
(indicated by asterisks) and step 12 elongating spermatids are present. Blue signals represent nuclear DNA counterstained with Hoechst 33342 (diluted 1:5000). Green
signals represent immunostaining with anti-AT8 (diluted 1:50) (A), -AT100 (diluted 1:50) (B) and -AT270 (diluted 1:500) (C) antibodies. Scale bars = 20 lm.
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nucleus (asterisk in Fig. 2C). P-tauT231 was not detected by anti-
AT180 (data not shown).
In order to investigate the effect of tau phosphorylation on tubu-
lin modiﬁcation, we performed double staining with the anti-p-
tauS199,S202 antibody and anti-acetylated tubulin antibody on serial
sections. P-tauS199,S202 antibody detected phosphorylated tau pro-
tein during spermatogenesis. P-tauS199,S202 was also intensely
stained in spermatocytes duringmeiosis (Fig. 3). Acetylated tubulin
was almost not detected in spermatocytes duringmeiosis (Fig. 3). In
order to investigate localization patterns of p-tauS199,S202 during
spermatogenesis, we classiﬁed sections of seminiferous tubules
under ﬁve stages, stage I, V, VIII, X and XII. Stage classiﬁcation
was based on Staging for Laboratory Mouse [27]. P-tauS199,S202
was detected from spermatogonia to step 8 round spermatids
(Fig. 4). Spermatocytes during meiosis were intensely stained for
p-tauS199,S202 (arrows in Fig. 4U–X). Conversely, staining with
the anti-acetylated tubulin antibody showed that acetylated
tubulin was expressed in spermatogenic cells from diplotenespermatocytes (arrowheads in Fig. 4Q–T) to step 8 round sperma-
tids (asterisks in Fig. 4E–H), but was not detected in spermatocytes
duringmeiosis (arrows in Fig. 4U–X). Double stainingwith the anti-
p-tauS199,S202 antibody and anti-acetylated tubulin antibody
revealed that the expression of acetylated tubulin decreased as p-
tauS199,S202 increased. The latter was expressed all over spermato-
cytes except around the nucleus.
4. Discussion
Tau promotes tubulin assembly in vitro [3] and stabilizes
microtubules against depolymerization in vivo [4,5]. An increase
in tau phosphorylation reduces its afﬁnity for microtubules, which
results in neuronal cytoskeleton destabilization [28]. Conversely,
the function of tau protein and its phosphorylation in the testis
have not been characterized although its presence has been sug-
gested [9,19].
Western blot analysis showed tau 1 and AT8 detect some bands
with apparent molecular masses between 37 and 40 kDa in the
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Fig. 3. Immunohistochemistry of adult mouse testis. Blue signals represent DNA counterstaining with Hoechst 33342 (diluted 1:5000). Green signals represent
immunostaining for P-tauS199,S202 (diluted 1:1000). Red signals represent immunostaining for acetylated tubulin (diluted 1:500). Stages of seminiferous tubules were
indicated. Scale bar = 100 lm.
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the bull and rat [9,19]. In the adult rat brain, alternative splicing
of the primary transcript of tau generates six isoforms with an
apparent molecular weight between 48 and 67 kDa. However, Gu
et al show tau protein was detected in two major bands in the tes-
tis with an apparent molecular mass of 34 and 37 kDa after
alkaline phosphatase treatment. They suggest this different
expression pattern indicates the presence of a testis-speciﬁc iso-
form [9]. In mouse, tau isoform-D (identiﬁer: P10637-5) (uniprot)
which molecular weight is about 39 kDa has been discovered [29].
Our sequencing of tau cDNA in the testes ensured that testis tau is
corresponding with tau isoform-D. Our Western blot results also
demonstrated that the presence of total tau protein with apparent
molecular masses of 37 kDa in adult mice (Fig. 1A and B),
consistent with previous reports. Furthermore, immunohisto-
chemistry was performed to investigate the localization of phos-
phorylated tau.
PHFs are composed of highly phosphorylated tau and accumu-
late in the brain of subjects with AD [30,31]. To elucidate the local-
ization of site-speciﬁc phosphorylation status, several antibodies
against p-tau were used. The anti-AT8, -AT100 and -AT270 anti-
bodies recognize PHF-tau. Immunohistochemical studies indicated
not only tau expression but also its phosphorylation patterns in the
testis. Although total-tau expression, detected by anti-tau 1 and
anti-AT8 and non-phosphorylated tau at S199, S202, detected byanti-tau 1, were constantly observed from spermatogonia to round
spermatids (Fig. 1C–E, S1), p-tauS199,S202, AT8, AT100 and AT270
were especially localized in spermatocytes during meiosis
(Fig. 2–4). These results suggested that tau expression was not spe-
ciﬁc during meiosis but the phosphorylation is speciﬁc. In addition,
because these antibodies speciﬁcally detected the phosphorylation
in meiosis, we suggest that Tau might be phosphorylated at AD-
speciﬁc sites in meiosis. Interestingly, the period of tubulin deacet-
ylation was coincident with that of tau phosphorylation at the time
of meiosis (Fig. 4A–D, U–X). The relationship between tau phos-
phorylation and tubulin acetylation is unidentiﬁed. However,
North and Verdin reported that activity of the microtubule deace-
tylase, SIRT2, was elevated during mitotic division, suggesting its
involvement in destabilization of the spindle microtubule for chro-
mosome movements [32]. On the other hand, tau acts as HDAC6
inhibitor and PHFs exert the stronger inhibiting actions than tau
[33]. During spermatogenesis, the expression level of HDAC6 was
high in spermatogonia and low from pachytene spermatocytes to
elongating spermatids [34]. Therefore, these site-speciﬁc phos-
phorylation localizations suggest involvement of spindle microtu-
bule destabilization during meiotic division. Further studies are
necessary to clarify the relation between tau and microtubule
deacetylases.
Chromosomal segregation in both mitotic and meiotic division
is controlled by spindle microtubule elongation and retraction.
EF
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
A
B
C
D
U
V
W
X
p-
ta
uS
19
9,
 S
20
2
ac
et
yl
at
ed
tu
bu
lin
N
u
m
er
ge
d
stageV stageVIII stageX stageXIIstageXII
*
*
*
*
stageI-III
Fig. 4. Immunohistochemistry of adult mouse testis. (A, E, I, M, Q, U) Blue signals represent DNA counterstaining with Hoechst 33342 (diluted 1:5000). (B, F, J, N, R, V) Green
signals represent immunostaining for P-tauS199,S202 (diluted 1:1000). (C, G, K, O, S, W) Red signals represent immunostaining for acetylated tubulin (diluted 1:500). (D, H, L, P,
T, X) Merged Images. (A–D) Images of seminiferous tubules at stage XII. (E–X) Images of seminiferous epithelia. (E–H) Seminiferous epithelia at stages I–III. Early pachytene
spermatocytes, step 1 round spermatids (asterisks) and step 13 elongated spermatids are present. (I–L) Seminiferous epithelium at stage V. Intermediate spermatogonia,
pachytene spermatocytes, step 5 round spermatids and step 15 elongated spermatids are present. (M–P) Seminiferous epithelium at stage VIII. Preleptotene spermatocytes,
pachytene spermatocytes, step 7 round spermatids and step 16 elongated spermatids are present. (Q–T) Seminiferous epithelium at stage X. Leptotene spermatocytes, late
pachytene spermatocytes (indicated by arrowheads) and step 10 elongating spermatids are present. (U–X) Seminiferous epithelium at stage XII. Zygotene spermatocytes,
spermatocytes during meiotic division (arrows) and step 12 elongating spermatids are present. (A–D) Scale bars in A–D = 50 lm; scale bars in E–X = 10 lm.
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aberrations, which if transferred to offspring cause malformation
and miscarriage. Spindles, mainly composed of microtubules, are
controlled by MAPs. It is known that spindle microtubules repeat-
edly extend and retract to catch the kinetochores of chromosomes
during metaphase of mitotic and meiotic divisions [35,36]. There-
fore, phosphorylation of the protein might contribute to this exten-
sion and retraction of microtubules during meiotic division.
Futhermore, the relationship between tau and DNA/chromo-
somes has recently reported. Tau has been reported to protect
DNA from Oxidation and heat stresses [37,38]. In this study, P-
tauS202,T205 and P-tauS212,T214 are localized all over spermatocytes
except around the nucleus (Fig. 2A and B). This result agrees with
the previous report [38]. In addition, P-tauT181 is localized at thenucleus (Fig. 2C). These results suggest that tau may interact with
DNA/chromosomes also in the testis.
In conclusion, we have revealed that site-speciﬁc tau phosphor-
ylation is localized speciﬁcally during spermatogenesis.
Furthermore, there appears to be an interaction between tau phos-
phorylation and microtubule deacetylation, suggesting the possi-
bility of involvement of both processes during meiosis.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2014.04.
021.
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